Human eggs are highly aneuploid, with female age being the only known risk factor. Here this aging phenomenon was further studied in Swiss CD1 mice aged between 1 and 15 mo. The mean number of eggs 6 SEM recovered from mice following superovulation peaked at 22.5 6 3.8 eggs/oviduct in 3-mo-old females, decreasing markedly between 6 and 9 mo old, and was only 2.1 6 0.2 eggs/oviduct by 15 mo. Measurement of aneuploidy in these eggs revealed a low rate, ;3-4%, in mice aged 1 and 3 mo, rising to 12.5% by 9 mo old and to 37.5% at 12 mo. Fifteen-month-old mice had the highest rate of aneuploidy, peaking at 60%. The in situ chromosome counting technique used here allowed us to measure with accuracy the distance between the kinetochores in the sister chromatids of the eggs analyzed for aneuploidy. We observed that this distance increased in eggs from older females, from 0.38 6 0.01 lm at 1 mo old to 0.82 6 0.03 lm by 15 mo. Furthermore, in 3-to 12-mo-old females, aneuploid eggs had significantly larger interkinetochore distances than euploid eggs from the same age, and measurements were similar to eggs from the oldest mice. However, the association between aneuploidy and interkinetochore distance was not observed at the oldest, 15-mo age, despite such measurements being maximal. We conclude that in aging CD1 mice, a reduction in the ovulated egg number precedes a rise in aneuploidy and, furthermore, except at very advanced ages, increased interkinetochore distance is associated with aneuploidy.
INTRODUCTION
Aneuploidy in human eggs is very common, affecting between 20% and 50% of gametes [1, 2] , and the only wellrecognized risk factor is female age [2] [3] [4] . Various influences have been suggested to contribute to this rise, including cumulative exposure to environmental insults [5] [6] [7] , defects in the pathways responsible for monitoring chromosome segregation [8] [9] [10] , and hormonal changes associated with the premenopausal period [11, 12] .
Most meiotic aneuploidies are thought to arise from the missegregation of bivalents in meiosis I [1, 3, 13] . Before this time, oocytes have a very protracted dictyate stage arrest [3, 4] in which age-related events may go on to impact the ability of the oocyte to segregate chromosomes faithfully. One such event may be the gradual loss in the cohesive ties holding chromosomes together [4, 14] , as these ties are established in fetal life but need to remain functional until anaphase onset in meiosis I [15, 16] . Any premature loss in cohesion could cause aneuploidy by permitting bivalents to segregate in meiosis independently of one another [16] [17] [18] . This idea is attractive, at least in adult mouse oocytes during dictyate arrest, because the capability to replace two critical components of the cohesin complex, REC8 and SMC1B, appears to be lacking [15, 16] .
Support for a cohesin deterioration model of age-related aneuploidy has recently come from two concurrent but independent studies that correlated advanced maternal age in mice with a loss in REC8 [19, 20] . One of these studies [19] examined oocytes from mice principally of two ages: 2 mo (young) and 14 mo (old), in a strain used previously as an aging model (C57BL/Icrfa t ). The older mice had significantly less REC8 on their chromosome arms and at the kinetochores. This loss of a cohesin complex component with mouse age was associated with an increase in the proportion of homologous chromosomes having either no chiasma or a single chiasma located distally on the bivalent. In such a scenario, the sites of the chiasmata, in the absence of resistive cohesion located distally along the length of the bivalents, simply move toward the telomeres and would be lost once the chromosome ends are reached. These observations suggest that the loss of REC8 may be symptomatic of a more general decline in cohesiveness, which would lead to chiasmata destabilization. The other study [20] examined oocytes from an F1 hybrid mouse (B6D2F1/J, i.e., C57BL/6J female crossed with a DBA/2J male) also at two ages: 6-14 wk (young) and 16-19 mo (old) . In that study, the oocytes of older mice also had significantly less REC8 associated with their chromosomes, and by studying intervening ages, the authors showed that in females, by 12 mo of age, their oocyte REC8 levels were minimal.
In both those studies of aging mice [19, 20] chromosome attachment was also assessed by measurement of the distance between sister kinetochores, hereafter referred to as the interkinetochore (iKT) distance. Lister and colleagues [19] measured iKT distance in bivalent spreads on maturing oocytes, while Chiang and colleagues [20] made the same measurement on metaphase II arrested mature eggs by using an in situ spreading technique that the laboratory introduced to the field [21] . This technique, using the kinesin-5 inhibitor monastrol to generate a monopolar spindle, allowed them to measure iKT distances when there was no tension across the sister kinetochore pair, a pulling force that would otherwise act to increase distances. In iKT measurements made on bivalents in meiosis I or dyads in meiosis II, the same trend was observed, with iKT distances being greater in aging mice.
The present study set out to examine whether a decrease in chromosome cohesion, measured by an increase in iKT distance, was a risk factor for aneuploidy. Importantly, this was never established by either of the two previous studies [19, 20] . As such, the loss of REC8 and the increase in iKT distances could simply be correlative of the aging process and not be directly related to the etiology of aneuploidy. Here we performed such iKT measurements in an aging mouse colony over a 15-mo period.
MATERIALS AND METHODS

Ethics Statement
All animal procedures were performed with approval from the animal ethics committee of the University of Newcastle, Australia.
Egg Collection
All studies were performed using Swiss CD1 outbred females (Animal Resources Centre, Perth, Australia, and Charles River Breeding Laboratories Kingston, NY). Eggs were collected 12-15 h after an intraperitoneal injection of 5 IU of human chorionic gonadotropin (Intervet) in mice primed with 10 IU of equine chorionic serum gonadotropin (Intervet) 44-52 h previously. For bench handling and microinjections, eggs were cultured in M2 medium plus 4% bovine serum albumin (BSA).
Image Analysis
Eggs were treated for 2 h in 200 lmol/L monastrol before being fixed and permeabilized as described previously [22] . Immunofluorescent assays were performed using anti-tubulin (1:400 dilution; Molecular Probes) and calcinosis, Raynaud, eosophagus, sclerodactyly, telangiectasia syndrome (CREST; 1:400 dilution; Cortex Biochem) in PHEM buffer (60 mM Pipes; 25 mM Hepes; 10 mM EGTA; 2 mM MgCl 2 , pH 6.9) supplemented with 1% BSA and 0.2% Tween20 overnight at 48C and an Alexa555-conjugated secondary antibody (Molecular Probes). Eggs were briefly stained with Hoechst (20 lg/ml) before mounting on glass slides with Citifluor (Citifluor Ltd, U.K.). Confocal microscopy was performed using an Olympus FV1000 fitted with a 603 objective (NA, 1.35) and analyzed using FV10-ASW 2.0 Viewer software (Olympus) and Metamorph (Universal Imaging). The limit of our lateral separation was estimated at ;150 nm. Kinetochore counts were made by comparing CREST and Hoechst staining in each z-plane through a stack encompassing the entire spindle. iKT measurements were made only when sister kinetochores were in the same z-plane. Three-dimensional rendering was performed to confirm the structures being analyzed. All eggs were counted blind, and counts were confirmed by an independent second count.
Statistical Analysis
All statistical analysis was performed using Graphpad Prism version 5.0 software. The D'Agostino and Pearson omnibus test was used for normality. iKT distance analysis between two groups was carried out using a two-tailed Mann-Whitney U test. ANOVA with Tukey post-test was used for repeated measures between three or more groups. Dichotomous data, such as percentage aneuploidy, were analyzed using a chi-square test.
RESULTS
Reduced Egg Numbers Recovered from Superovulated Older Females
A female mouse colony was established, and over a 15-mo period, the animals were superovulated to collect metaphase II eggs from their oviducts. The mean number of eggs 6 SEM recovered from such mice peaked with female aged 3 mo old, with 22.5 6 3.8 eggs collected per oviduct (Fig. 1A) . Reduced numbers were observed in all older mice, with a drop most evident in the 9-mo-old group, to only 5.4 6 0.5 eggs. Oviducts from 15-mo-old superovulated females contained very few eggs, 2.1 6 0.2 eggs, suggesting that the ovarian follicular reserve had become nearly exhausted, as it does in perimenopausal women [23] . In summary, therefore, it seems reasonable to conclude that the first 15 mo encompasses most of the natural reproductive life span of these mice, and it would be an appropriate period in which to examine how the rates of aneuploidy vary with age in their eggs.
Increased Aneuploidy in Eggs from Older Mice
Older women are more likely to ovulate eggs that are aneuploid. The eggs that we collected here would allow us to determine whether a similar event had occurred in our aging mice. Following collection and counting, all the recovered metaphase II eggs were treated with monastrol. This drug spreads the sister chromatids by collapsing the bipolar meiotic spindle onto one pole; and thus, following fixing and staining for chromatin with Hoechst dye and kinetochores with CREST antibodies, it allows accurate chromosome counting to be performed in situ [21, 22, 24] . A z-plane series of confocal sections through each meiotic spindle were taken in order to count chromosomes and kinetochores. Euploid mouse eggs would contain a total of 20 pairs of sister chromatids with 40 kinetochores, with two sister kinetochores on each sister chromatid pair, but aneuploid eggs would deviate from these numbers.
In total, across all ages, we performed a confocal z-plane series with 327 eggs and found that the overall rate of aneuploidy was ;14% (n ¼ 45/327). However, this rate was very much dependent on female mouse age, with older animals ovulating eggs that had much higher rates of aneuploidy (Fig.  1B) . In 1-month-old mice, the aneuploidy rate was at its lowest, 2.9% (n ¼ 103), and at both 3 and 9 mo of age, the rate, although increasing, did not reach a level of significance (4.1% and 12.5%, respectively). Aneuploidy rates were significantly raised to 37.5% in females at 12 mo, and by 15 mo it reached 60.0% (n ¼ 30).
In the 45 aneuploid eggs, we observed no particular bias for hypoploidy (,40 sister chromatids) vs. hyperploidy (.40) (Fig. 1C) . Overall numbers of hypo-and hyperploid eggs were similar. We did note, however, that more aneuploid eggs resulted from non-disjunction, when the sister chromatid count is an even number, than premature separation of sister chromatids, when the number is odd, in this particular aging mouse stock. In our mice, ;90% of the aneuploid eggs gave sister chromatid counts consistent with true non-disjunction during meiosis I.
Aneuploidy Results from a Meiotic, Not a Mitotic, Segregation Error
All of the aneuploidy assessed in the metaphase II eggs described above has been assumed to occur as a result of a missegregation event in meiosis I. However, it is possible that the egg inherited its aneuploidy as a result of a mitotic error in the primordial germ cell from which the egg had been created. Such a mechanism has recently been proposed in human eggs with respect to trisomy 21 [25, 26] , and because of this, we thought it useful to ascertain whether any of our observed aneuploidy was the result of the egg being created aneuploid.
In 18 of the 45 eggs found to be aneuploid following the monastrol in situ spreading technique, the integrity of the chromatin was preserved enough to perform chromosome counts in the first polar body. This allowed us to distinguish a meiosis I segregation error from a primordial germ cell mitotic error. In the case of a meiotic error, then, the total sum of the egg and polar body sister chromatid count would be 80, mice having 20 pairs of chromosomes; but with a germ cell mitotic segregation error, this count would deviate on either side of this number. In all 18 eggs examined, 80 sister chromatids were observed (Table 1) , a finding consistent with the assumption that the aneuploidy had been caused by a segregation error in meiosis I.
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Greater Interkinetochore Separation Between Sister Chromatids in Eggs of Aging Mice
The kinetochore staining performed in all of the recovered eggs, using CREST antibodies, allowed us to measure the separation of the sister kinetochores in each chromatid pair (iKT distance) (Fig. 2) . iKT distances in sister chromatids during meiosis II were recently observed to be larger in eggs from older female mice [20] , so our measurements would be useful in confirming if such a relationship holds. By this technique, only iKT distance between sister kinetochores in the same focal plane can be measured. This is because the x-y lateral resolution in confocal microscopy is greater than the vertical z-plane step size. Also, in some instances, we had to disregard eggs in which the overall poor level of kinetochore staining precluded accurate measurements. Due to these limitations, ;80% (1734/2144) of the total sister kinetochore pairs could be analyzed.
iKT distances of sister chromatids in the metaphase II eggs were observed to increase with increasing female age (Figs. 2B  and 3A ). As such, in 1-mo-old mice, mean iKT 6 SEM distances were at their smallest, 0.38 6 0.01 lm (n ¼ 303), and they were observed to increase by more than twofold in females by the age of 15 mo (0.82 6 0.03 lm; n ¼ 345). The largest rise in iKT distance was found between mice aged 9 and 12 mo old, this being the same age range as the largest rise in aneuploidy.
An Increased iKT Distance Is Associated With Aneuploidy Except at the Most Advanced Female Age
At each mouse age, we could further determine whether iKT distance measurements were any different in eggs that were ANEUPLOIDY IN AGING MICE euploid compared to those that were aneuploid. One possibility was that such measurements would be greater in aneuploid eggs, given the positive correlation of both iKT distance and aneuploidy with female age. Therefore, for each mouse age, individual iKT distance measurements were assigned either to a euploid or an aneuploid grouping, depending on the result of the previous chromosome counting that had been performed. Unfortunately, at the youngest age, 1 mo, insufficient aneuploid eggs were available for this comparison.
In the oldest age range, 15 mo, where iKT distance measurements were at their largest, there was no statistical difference in such measurements between the two groups. The iKT distance showed no significant difference between euploid and aneuploid eggs (0.84 6 0.04 lm vs. 0.81 6 0.04 lm, respectively) (Fig. 3B) . In contrast, however, in female mice aged either 3, 9, or 12 mo, the iKT distance measurements were all observed to be statistically greater in aneuploid eggs than in euploid eggs (Fig. 3B) . Interestingly, at all three of these ages, the iKT distance measurements made on aneuploid eggs were the same as the values observed in the oldest mice (Fig. 3, B and C).
DISCUSSION
Ovulated Mouse Eggs Show a Maternal Age-Related Rise in Aneuploidy
Zuccotti and colleagues [27] , using ovulated eggs from aging Swiss mice, found no increase in aneuploidy with female age. The aneuploidy rate in ovulated eggs actually decreased from 3-36 wk of age, and it showed the lowest value, 2.5%, in females aged 40-48 wk. This lack of effect of maternal age on aneuploidy rates in ovulated eggs from mice was also observed using Swiss-Webster females [28] . In contrast, two recent studies observed a maternal age effect on aneuploidy, with rates increasing from 4% to 25% in 8-wk-old vs. 70-wk-old mice [29] and from ;12% to 30% in 3-mo-old vs. 12-mo-old mice [30] .
Mouse background differences may underlie these contrary findings, given the fact that the recent studies were both performed with inbred mice: either a pure C57BL6 or an F1 hybrid of a C57BL/6J female 3 DBA/2J male; whereas the earlier studies were both conducted using outbred Swiss stocks. However, confounding such a simple interpretation is the fact   FIG. 3 . Increased iKT distance correlates with aneuploidy in aging mice. A) Sister kinetochore distance in eggs plotted against female age. Data are means 6 SEM; different letters denote P values ,0.01. B) Sister kinetochore distance categorized by female age and whether egg is euploid or aneuploid (**P , 0.01). Data are means 6 SEM. Numbers analyzed are indicated above bars. C) Mean sister kinetochore distance and aneuploidy rate plotted against female age. iKT distance in euploid and aneuploid eggs are plotted separately.
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that Golbus [28] similarly found a lack of age-related aneuploidy in inbred CBA mice. Despite this, it is important to appreciate the fact that divergence between homologous chromosomes can influence both meiotic recombination frequency and aneuploidy rates, as shown in yeasts and mice [31] [32] [33] . As such, it is possible that variations in susceptibility to aneuploidy will be observed between different backgrounds of mice due to differences in both the number and the location of the crossovers established during recombination, which may act to make that breed more or less susceptible to any agerelated rise in aneuploidy.
Here, in our study, we observed a very pronounced maternal age effect by using outbred Swiss CD1 mice, with 60% aneuploidy rates in mice from the oldest, 15-mo age range. These mice, therefore, have the largest maternal age effect on aneuploidy rates observed in any mouse background, which may make CD1 mice particularly attractive for future studies. Given the fact that we found a very large upturn in rates only in females at 12 mo and older, it remains possible that the lack of maternal effect observed previously in Swiss mice may be due to the females not being aged long enough.
We are confident that most of the aneuploidy we are observing in CD1 mice is due to a mis-segregation event in meiosis I, rather than the egg inheriting its aneuploidy from its germ cell antecedent. This was concluded through chromosome counts in the polar bodies of a number of aneuploid eggs. The loss or gain of chromosomes evident in the count from the egg cytoplasm was complemented by corresponding count in the polar body (Table 1) . In all cases, a meiosis I error in segregation was the cause of the aneuploidy. Therefore, the present findings offer no support to the hypothesis that oocytes are created aneuploid in the fetal ovary, as has been suggested for trisomy 21 in humans [25, 26] . It is, however, interesting to note that the nature of meiosis I segregation error leading to aneuploidy appears to show some variation between mice. Here we observed a preponderance of non-disjunction of bivalents over premature separation of sister chromatids (Fig.  1C) , and this would be in agreement with some [30] but not other aging-mouse studies [20] . It remains possible that the outcome of meiosis I error (true non-disjunction vs. premature separation of sister chromatids) is very much dependent on the precise sites and location of crossover events that are established in fetal life and that these can vary between mouse backgrounds.
Association Between Lower Egg Number and Lower Quality With Advanced Maternal Age
Here we observed a drop in the number of eggs collected from aged superovulated females. This low number following hormonal treatment and associated high rate of aneuploidy has also been observed by others in old mice [29, 30] . However, because here we examined ovulation and aneuploidy rates at a large number of time points, it was interesting to observe that the largest drop in egg numbers occurred at 9 mo, and, following this, at 12 mo, we observed the largest rise in aneuploidy rates.
An association between lower egg numbers and aneuploidy does not necessarily mean maternal age-associated aneuploidy is caused by a smaller ovarian reserve. However, it is interesting nonetheless that a low follicular reserve has been associated with poor fertility in cattle [34] and that women with premature ovarian failure have infertility shifted to younger ages [35] . In support of a causal link is the observation of a raised Down syndrome rate (odds ratio of 9.61) in women who have had surgical removal of one ovary [36] . However, the idea that the size of the ovarian pool contributes to the incidence of aneuploidy is an intrinsically difficult association to resolve for women, where pool size cannot directly be measured and, as such, remains a contentious issue [37] . The present findings in mice offer the possibility of studying the link between ovarian reserve and aneuploidy in a more tractable system.
Interkinetochore Distance and Aneuploidy
Recent measurements of iKT distances made on the chromosomes of eggs from mice have established the fact that they rise with advancing female age [19, 20] . Given that the eggs from older females also had greater rates of aneuploidy, it suggests a causal relationship between deterioration in chromosome cohesion and resulting mis-segregation in meiosis I. However, neither of those two studies established that iKT distances were any greater in aneuploid eggs than in their euploid contemporaries, leaving unresolved the issue of whether raised iKT distance is just a measureable molecular marker of the aging process or is linked to the etiology of aneuploidy.
The iKT distances found in this present study, in both euploid and aneuploid eggs from 3-, 9-, and 12-mo-old mice, tended toward the measurements observed in the oldest age group at 15 mo. This suggests an upper limit to which iKT distances can rise, presumably set by the molecular tethers holding sister chromatids together. A correlation did exist between iKT distance and aneuploidy for most of the reproductive lifespan of the mice: greater iKT distances were found in aneuploid eggs. However, at the oldest age range examined, 15 mo, although iKT distance was at its greatest, this relationship was not evident. We currently do not understand why there appears to be a statistical association for most of the reproductive life of the mouse but not at this advanced age. One possibility is that this association of aneuploidy with iKT distance is masked by other factors that are themselves contributing to the raised aneuploidy. In this regard, it is important to note that follicle-stimulating hormone (FSH), one of the hormones that would be raised as a result of a drop in the ability of the growing follicle cohort to produce estrogen, is associated with the perimenopausal period and can raise aneuploidy rates in mice [11, 12] . Although blood estrogen and FSH levels were not assayed here, it has previously been reported that plasma FSH levels reach ;1 lg/ml at 15 mo of age in both CD1 and C57BL mice [38, 39] , and ;20% aneuploidy rates have been observed in mouse eggs derived from in vitro culture with 0.2 lg/ml FSH. Therefore, it remains possible that at advanced maternal ages, there are other contributory factors, such as raised FSH, which themselves contribute to aneuploidy but which are unrelated to iKT distance. As such, when other factors unrelated to iKT distance are contributing to aneuploidy at advanced ages, one would expect a loss in correlation of iKT distance to aneuploidy.
Molecular details of the reason for the raised iKT distance remain to be established. It may involve the loss of a particular component of the cohesin complex such as REC8, or it may be a more general deterioration of all chromosome-bound proteins through cumulative oxidative damage that cannot be repaired during a protracted prophase I arrest. Such a process would then loosen the resistive forces holding sister chromatids together. Complete loss of these resistive forces would help explain the long-held observation that eggs from aging mice lose chiasmata, which are the physical manifestations of crossover [40] [41] [42] . In such a scenario, bivalents simply lose chiasmata by their disengagement due to the loss in any ANEUPLOIDY IN AGING MICE physical constraint [4] . The fact that large differences in iKT distances can be observed in aneuploid eggs compared to euploid eggs in young mice (Fig. 3B) suggest that the general trend of age-related rises in iKT distance is not followed in all eggs equally. Some eggs from young animals have much larger iKT distances, and they tend to become aneuploid. Understanding why this process is accelerated in some eggs may help determine the reason for age-related aneuploidy at a molecular level.
